tions that tightly pack apposing cells to ensure tissue integrity and minimize light scattering (7, 91) .
Differentiating fiber cells also undergo a remarkable maturation process to eliminate all cellular organelles to prevent light scattering at the center of the lens. Inner mature fiber cells without organelles have little or no protein turnover and very low metabolism (4, 60) . These fiber cells are connected by intercellular gap junction channels that are hypothesized to provide the outflow pathway for the lens microcirculatory system (65) . Connexins are transmembrane protein subunits of gap junction channels, and six connexins oligomerize to form a connexon, or hemichannel (46, 48) . Coupling of two connexons from neighboring cells can create a gap junction channel to allow diffusion of small molecules between the two connected cells (40) . Changing the composition of connexons affects the permeability and electrophysiological properties of gap junctions. Connexons can contain just one type of connexin subunit (homomeric) or different types of connexin subunits (heteromeric) (48, 65) . There are three types of gap junctions: 1) homotypic channels with two identical connexons composed of one type of connexin subunit, 2) heterotypic channels with homomeric connexons, each containing a different type of connexin, and 3) heterotypic channels with heteromeric connexons (48, 65) . Lens gap junctions are composed of three types of connexins: connexin (Cx) 43 (Cx43 or ␣1) is present in lens epithelial cells (6) ; Cx46 (or ␣3) is expressed mainly in the fiber cells (38) ; and Cx50 (or ␣8) is present in epithelial and fiber cells (76) . The Cx23 protein is also expressed in embryonic lens fiber cells (75) , but it is unclear whether this connexin can form gap junctions (80) .
The microcirculation model proposes that a current, carried primarily by sodium, enters the lens along extracellular spaces between cells at the anterior and posterior poles (12, 63, 85) . The extracellular sodium ions flow toward the center of the lens and enter fiber cells by moving down the transmembrane electrochemical potential of sodium. Gap junctions allow the outflow of sodium to the surface at the lens equator (3). Na-K-ATPase is highly expressed in equatorial epithelial cells, facilitating the transport of sodium out of the lens (12, 30, 81) . Along with the sodium ion current, there follows the circulation of fluid (11, 29, 63, 85) that delivers nutrients and removes waste from mature fiber cells (54 -56, 67) . Disruptions of the microcirculatory system due to the loss of gap junctions lead to nuclear cataracts caused by loss of homeostasis in mature fiber cells (28, 38, 87, 88) . In addition, age-related nuclear cataracts may be due to decreased gap junction coupling, which leads to decreased microcirculation (31) .
During lens fiber cell formation, cell length increases several hundredfold (51, 74, 82) . This dramatic increase requires a strong network of cytoskeletal proteins to stabilize the long and thin fiber cells. Lens fibers contain two specialized intermediate filament proteins, CP49 (phakinin) and filensin (24) . Together, these proteins form obligate heteropolymers, termed beaded intermediate filaments, that are required for mechanical strength (27, 36) and life-long transparency of the lens (1, 36, 73) . Moreover, mutations in CP49 lead to autosomal-dominant cataracts in humans (15, 16, 44, 92) . In addition, actin filaments that are cross-linked by ␣ 2 ␤ 2 -spectrin form a network that is tethered to the plasma membrane through spectrin interactions with ankyrin-B. The actin filament linkages in this network are stabilized by ␥-tropomyosin and capped at their barbed and pointed ends by adducin and tropomodulin 1 (Tmod1), respectively (23, 52, 71, 89, 90) . We previously showed that loss of Tmod1 destabilizes the actin-spectrin network and leads to local disorganization of lens fiber cells (36, 71, 72) . Tmod1 is associated in a macromolecular complex with CP49 and filensin, as well as with actin and spectrin, suggesting that the actin-spectrin network and the beaded intermediate filaments are linked within lens fiber cells (36) . It is not surprising that loss of Tmod1 and/or CP49 significantly impacts the mechanical strength of the lens (36) .
In this study we investigated the effects of the loss of Tmod1 and/or CP49 on the microcirculatory system in mouse lenses. We were surprised to find that only the loss of both Tmod1 and CP49 causes an increase in gap junction coupling resistance, hydrostatic pressure, and sodium concentration in the lens. Further investigation revealed that Cx46, but not Cx50, gap junction plaques are significantly smaller and disrupted in Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ [double-knockout (DKO)] lens fiber cells. We also found that the Cx46 and Cx50 gap junction plaques rest in lacunae of the actin-spectrin network in lens fiber cells. These data reveal an unexpected role for the actin-spectrin and beaded intermediate filament cytoskeleton networks in promoting assembly and/or stability of large Cx46 gap junction plaques, which are necessary for optimal lens microcirculation of ions, water, and other solutes.
METHODS
Ethical approval. All animal procedures were performed according to recommendations in the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" and protocols approved by The Scripps Research Institute and State University of New York at Stony Brook Animal Care and Use Committees.
Mice. The generation of mixed-background FvBN/129SvEv/ C57BL/6 Tmod1 Ϫ/Ϫ mice is described elsewhere (35, 36, 66, 68, 71, 72) . Embryonic lethality in Tmod1 Ϫ/Ϫ mice (26) is rescued by a Tmod1-overexpressing transgene under the control of the cardiacspecific ␣-myosin heavy chain (␣MHC) promoter (66) . Tmod1 is expressed in the heart, but not other tissues, in Tmod1
mice. Tmod1 levels are normal in all tissues, except the heart, in Tmod1 ϩ/ϩ(Tg-␣MHC) mice. Mice were genotyped as previously described (66) , and all mice used in this study carry the ␣MHC-Tmod1 transgene. For the sake of brevity, genotypes are referred to as Tmod1 ϩ/ϩ and Tmod1 Ϫ/Ϫ . Mixed-background Tmod1 Ϫ/Ϫ mice have an endogenous mutation in the Bfsp2/CP49 gene, leading to a lack of beaded intermediate filament protein CP49 (36, 79) . As previously described, we restored wild-type Bfsp2/CP49 alleles to Tmod1 Ϫ/Ϫ mice by backcrossing the knockout mice to wild-type C57BL/6 mice (36). Genotyping for wild-type and mutant Bfsp2/CP49 alleles was conducted as previously described (79) .
Lens gap junction coupling, intracellular hydrostatic pressure, and sodium concentration measurements. Eyes were removed from euthanized 2-mo-old mice and placed in a Sylgard-lined petri dish filled with normal Tyrode solution containing (in mM) 137.7 NaCl, 2.3 NaOH, 5.4 KCl, 2 CaCl 2, 1 MgCl2, 5 HEPES, and 10 glucose (pH 7.4). To isolate and mount lenses, the cornea and iris were removed, and the optic nerve was cut. The sclera was cut into four flaps from the posterior surface. Then the lens was transferred and pinned to the bottom of a chamber with a Sylgard base. The chamber was mounted on the stage of a microscope and perfused with normal Tyrode solution.
Gap junction coupling conductance was measured as previously described (31) . Briefly, one microelectrode was placed in a central fiber cell into which a wide-band stochastic current was injected. The induced voltage was recorded by a second microelectrode that was placed in a peripheral fiber cell at a distance r (cm) from the center of a lens of radius a (cm). The impedance (induced voltage Ϭ injected current) of the lens was recorded in real time using a fast Fourier analyzer (Hewlett Packard, Palo Alto, CA). At high frequencies, the magnitude of the impedance asymptotes to a series resistance (R S, ⍀). On the basis of an equivalent circuit model (64) , RS is the radial resistance of gap junctions between the point of recording and the surface of the lens. The value of RS was estimated from the magnitude of the impedance at 1,000 Hz. The voltage-recording microelectrode was advanced radially into the lens along its track, and the impedance was recorded at four to five depths in any one lens. R S values from eight lenses of each genotype were pooled and curve-fitted using Eq. 1
The effective intracellular resistivity of the peripheral differentiating fibers (R DF, ⍀·cm) is generally lower than that of the more central mature fibers (RMF, ⍀·cm). The change in value occurs abruptly at a location r ϭ b, where b is ϳ0.85a. At this location, organelles are degraded, and the COOH termini of the connexins are cleaved. The value of R S is related to the underlying effective resistivities by Eq. 1. The gap junction coupling conductance (G) per area of cell-to-cell contact (S/cm 2 ) is given by Eq. 2
where w ϭ 3 m is the radial spacing between gap junction plaques. The effective resistivity of the intracellular compartment of the lens is a tensor, which, in spherical coordinates, has different values in the r, , and directions. In the r direction, current flows from cell to cell through gap junctions on the broad sides of the fibers. In the direction, current flows along the axes of the fiber cells. In the direction, current flows from cell to cell through gap junctions on the short sides of the fibers. The experimental protocol and model described here give the radial (r) component of gap junction coupling. The method used to measure intracellular pressure is described elsewhere (29) . Briefly, the resistance (1.5-2 M⍀) of a microelectrode filled with 3 M KCl was continuously measured. When the microelectrode was inserted into the lens, the positive intracellular pressure forced cytoplasm into the tip and caused the resistance to increase. A manometer was used to generate and measure pressure that was applied to the interior of the microelectrode. When the applied pressure was just equal to the intracellular pressure, the cytoplasm was forced out of the tip, and the resistance was restored to the value first recorded in the bathing solution. The microelec-trode was advanced into the lens along its track, and the pressures were recorded at four to five depths in any one lens. Data from eight lenses for each genotype were pooled, and the average pressure gradient was estimated by curve-fitting a quadratic model (29) to the pooled data.
The intracellular concentration of sodium was measured by intracellular injection of the sodium-sensitive ratiometric dye sodiumbinding benzofuran isophthalate followed by excitation of fluorescence emission using a dual-wavelength spectrometer system as previously described (87) . Sodium-binding benzofuran isophthalate (0.2 mM) was dissolved in the microelectrode solution and injected into fiber cells at four to five radial locations in any one lens. Data from eight lenses for each genotype were pooled and curve-fitted with a quadratic model (87) to estimate the average radial gradient in intracellular sodium concentration.
Western blotting for Cx46 and Cx50. Fresh lenses from 1-mo-old mice were collected, and one lens from each mouse was used to make protein samples. Four control Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and five Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ mice were used for these experiments. Lens protein samples were prepared as previously described (36) . Briefly, lenses were vigorously vortexed in 100 l of SDS sample buffer and boiled for 5 min. Solubilized lens proteins were transferred to a new tube, and proteins were separated on 4 -20% linear gradient SDS-PAGE minigels (Life Technologies, Carlsbad, CA) and transferred to nitrocellulose membranes in transfer buffer with 20% methanol as previously described (34) . The nitrocellulose blots were incubated in PBS for 1 h at 65°C, blocked with 4% BSA in PBS for 4 h at room temperature and then overnight at 4°C, and subsequently incubated in primary antibodies to Cx46 or Cx50 for 3 h at room temperature with gentle rocking. Antibody labeling and blot washing solutions are described elsewhere (25) . The rabbit polyclonal primary antibodies were as follows: anti-Cx46 connexin (␣3J, intracellular loop, 1:1,500 dilution) antibody (a generous gift from Dr. Xiaohua Gong, University of California, Berkeley) (37), anti-Cx50 (COOH-terminal, 1:3,000 dilution) antibody (a generous gift from Dr. Jose M. Wolosin, Mt. Sinai School of Medicine) (14) , and anti-Tmod1 (COOH-terminal peptide, 1:5,000 dilution) (36) . The mouse monoclonal primary antibody anti-GAPDH (1:5,000 dilution) was obtained from Novus Biologicals (Littleton, CO). Goat anti-rabbit HRP (1:10,000 dilution; Santa Cruz Biotechnology, Dallas, TX) and goat anti-mouse HRP (1:10,000 dilution; Promega, Madison, WI) antibodies were used for secondary detection, visualized by enhanced chemiluminescence on X-ray film. Bands on blots were quantified using ImageJ, with normalization to GAPDH. Average, standard deviation, and statistical significance were calculated using Microsoft Excel.
Immunostaining. Freshly enucleated eyes were collected from 6-wk-old mice. Fixation was facilitated by a small slit at the cornealscleral junction. Eyeballs were fixed overnight in 1% paraformaldehyde at 4°C, washed in PBS, cryoprotected in sucrose, frozen in OCT medium (Sakura Finetek, Torrance, CA), and stored at Ϫ80°C until they were sectioned. Frozen 12-m-thick sections were collected with a Leica CM1950 cryostat and then permeabilized, blocked, and stained as previously described (71, 72) using rabbit anti-Cx46 (1:200 dilution) or rabbit anti-Cx50 (1:100 dilution) with mouse monoclonal anti-␤2-spectrin (42/B, 1:100 dilution; BD Biosciences, Franklin Lakes, NJ). Secondary antibodies were Alexa 488-conjugated goat anti-rabbit (1:100 dilution; Life Technologies) and Alexa 647-conjugated goat anti-mouse IgG (1:100 dilution; Life Technologies). Rhodamine-phalloidin (1:100 dilution; Life Technologies) was used to stain F-actin, and Hoechst 33258 (1:1,000 dilution; Sigma-Aldrich, St. Louis, MO) was used to stain nuclei. Slides were mounted using ProLong Gold antifade reagent (Life Technologies), and Z-stacks were collected at 0.2-m steps using a confocal microscope (model LSM780, Zeiss). Sections with cross-sectionally oriented fiber cells at the lens equator were identified on the basis of thickness of the lens epithelium (71) . Images of differentiating cortical fiber cells were collected 50 -100 m from the epithelial cells. Staining was repeated on four samples from different mice for each genotype, and representative data are shown.
Image analysis. Z-stack confocal images were analyzed using Volocity 6.3. For gap junction plaque quantification, we selected regions of interest (16 m ϫ 16 m ϫ 5 m volumes) from Z-stacks of immunostained equatorial frozen cross sections at a depth ϳ60 -80 m inward from the epithelial cells. The fine filter was used for noise reduction, which was applied to all Z-stacks in all channels. Threedimensional reconstructions of gap junction plaques with F-actin or ␤2-spectrin were created using the 3D Opacity rendering algorithm. We used the "Find Objects" algorithm in Volocity to determine the total number, average volume, and total volume of gap junction plaques in Z-stacks from cross-sectionally oriented frozen sections. The threshold was set to a value between Ϫ20 and 0 to eliminate nonspecific signals, and Ͻ0.2-m 3 plaques were excluded from the analysis, because these very small plaques were almost exclusively observed on the short sides of differentiating lens fiber cells and were not part of the large plaques that occupy the center of the broad sides of differentiating fiber cells. We evaluated Z-stacks from four Tmod1
CP49
Ϫ/Ϫ and four Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ mice (2 Z-stacks from each mouse). The average, standard error, and statistical significance were calculated and plotted in Excel. Statistical significance was determined using Student's t-test, and P Ͻ 0.01 was considered statistically significant. Colocalization maps and Pearson's correlation coefficient (PCC) in colocalized volumes were generated and calculated in Imaris 64 software.
Freeze-fracture electron microscopy and immunogold labeling on replicas. Protocols are described elsewhere (8) . Briefly, freshly isolated eyes from 2-mo-old Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and Tmod1 Ϫ/Ϫ ; CP49 Ϫ/Ϫ mice were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) at room temperature for 2-4 h or overnight. Lenses were oriented to obtain sagittal (longitudinal) sections with a vibratome, and slices were collected, marked serially from superficial to deep, and kept separately. The slices were then cryoprotected with 25% glycerol in 0.1 M cacodylate buffer at room temperature for 1 h and cryofractured in a modified Balzers 400 T freeze-fracture unit at a stage temperature of Ϫ135°C in a vacuum of ϳ2 ϫ 10 Ϫ7 Torr. The replicas, obtained by unidirectional shadowing, were cleaned with household bleach and examined with a transmission electron microscope (model 1200EX, JEOL).
For freeze-fracture replica immunogold labeling, freshly isolated lenses from 2-mo-old Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ mice were lightly fixed in 0.75% paraformaldehyde in PBS for 30 min at room temperature and then cut into 300-m slices with a vibratome to make freeze-fracture replicas as described above. One drop of 0.5% parloidion in amyl acetate was used to secure the integrity of the whole piece of a large replica during cleaning and immunogold labeling. The replica was digested with 2.5% SDS, 10 mM Tris·HCl, and 30 mM sucrose, pH 8.3 (SDS buffer), at 50°C until all visible attached tissue debris was removed from the replica. The replica was then rinsed with PBS, blocked with 4% BSA-0.5% teleostean gelatin in PBS for 30 min, and incubated with 1) affinity-purified goat Cx46 COOH-terminal polyclonal antibody (1:10 dilution, M-19; catalog no. SC-20861, Santa Cruz Biotechnology, Santa Cruz, CA) or 2) affinitypurified goat Cx50 polyclonal antibody (1:10 dilution, K-20; catalog no. SC-20876, Santa Cruz Biotechnology) for 1 h at room temperature. The replica was washed with PBS and incubated with 10 nM Protein A Gold (EY Laboratories, San Mateo, CA) at 1:50 dilution for 1 h at room temperature. The replica was rinsed, fixed in 0.5% glutaraldehyde in PBS for 10 min, rinsed in water, collected on a 200-mesh Gilder finder grid, rinsed with 100% amyl acetate for 30 s to remove parloidion, and viewed with a transmission electron microscope (model 1200EX, JEOL).
RESULTS

Simultaneous loss of Tmod1 and CP49 results in increased gap junction coupling resistance, intracellular hydrostatic pressure, and sodium concentration in the lens.
We previously demonstrated that loss of Tmod1 and CP49 causes patches of disorganized and misaligned fiber cells in the outer cortex of the lens and a decrease in lens stiffness (36, 71) . Thus, to understand whether loss of Tmod1 and/or CP49 affects other lens functional properties, we measured gap junction coupling conductances in lenses with and without Tmod1 and/or CP49. We found similar values of R S and coupling conductances ( ) lenses. The coupling conductance of differentiating fibers (Table 1) is generally 0.8 -1 S/cm 2 of cell-cell contact and is based on the best-fit curve (Eqs. 1 and 2) to R S data collected from eight lenses of the same genotype. The differences between wildtype and single-knockout lenses in this region fall within this normal range and may be due to measurement uncertainty or biological variability in connexin expression. By contrast, loss of both Tmod1 and CP49 (Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ ) resulted in significantly increased R S due to a nearly twofold decrease in radial coupling conductance for differentiating and mature fibers (Fig. 1A, Table 1 ). Since there is no detectable difference in the R S or the underlying coupling conductance between wild-type and Tmod1
Ϫ/Ϫ lenses, we used Tmod1
CP49
Ϫ/Ϫ mice as littermate controls for DKO mice in the rest of our studies.
The lens microcirculation is driven by movement of sodium ions between the center and the surface of the lens (63) . For the intracellular leg of the circulation, sodium moves from the central fiber cells to the surface cells through gap junction channels. This flux is associated with a sodium diffusion gradient, a voltage gradient, and water flow. The water flow is associated with an intracellular hydrostatic pressure gradient. If the circulation remains intact but gap junction coupling is reduced, the intracellular sodium diffusion gradient and the intracellular hydrostatic pressure gradient are predicted to increase. Thus we determined the hydrostatic pressure and sodium concentration in lenses from Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and DKO mice. As expected, the gradients for hydrostatic pressure (Fig. 1B) and sodium concentration (Fig. 1C) increased in lenses from DKO mice. These data suggest that the outflow of (2, 37) . Therefore, we performed Western blotting of total lens proteins from Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and DKO mice to determine whether there were any changes in the levels of Cx46 and Cx50 in lenses from DKO mice. We were surprised to find no obvious difference in the level of connexin proteins between DKO and Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ lenses ( Fig. 2A) . In DKO lens protein samples, we also did not detect abnormal connexin degradation or cleavage products. Quantification of Western band intensities normalized to GAPDH showed no change in Cx46 and Cx50 levels between Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and DKO lenses (Fig. 2B) . Since there was no change in the total level of connexin proteins in DKO lenses, we next determined whether there was a change in the subcellular localization of gap junction plaques in lens fiber cells.
Cx46 gap junction plaques are smaller and disrupted in DKO differentiating lens fiber cells. Cx46 and Cx50 form large, micrometer-sized gap junction plaques in the middle of the broad sides of differentiating lens fiber cells in a region ϳ60 -100 m inward from the lens epithelium, with smaller plaques forming on the narrow sides (38, 43, 76) . To determine whether Cx46 or Cx50 organization was altered in the DKO lens fiber cells, we examined Cx46 or Cx50 localization with respect to F-actin in equatorial sections of Tmod1 ϩ/ϩ ;CP49
and DKO lenses 60 -80 m from the lens epithelium in differentiating lens fibers where large gap junction plaques had formed (Fig. 3) . We did not observe an obvious difference in Cx46 or Cx50 gap junction plaques in newly formed and mature fiber cells between control and DKO lenses (data not shown). In fiber cell cross sections at the lens equator, F-actin localizes to the broad and narrow sides of hexagonal lens fiber cells, with increased signal on the narrow sides and at vertices (Fig. 4) . Cx46 is highly concentrated in large micrometer-sized gap junction plaques in the middle of the broad sides of control Tmod1
;CP49 Ϫ/Ϫ differentiating fiber cells located 60 -80 m from the lens epithelium (Fig. 4A) , similar to previous studies in wild-type mouse lenses (38) . In contrast, in DKO differentiating lens fibers, Cx46 gap junction plaques were dispersed and noticeably smaller (Fig. 4A, yellow arrows) . No increase in Cx46 signal was observed in the DKO lens fiber cell cytoplasm, indicating that Cx46 was targeted to fiber cell membranes (Fig. 4A ). In the same region of differentiating lens fibers, Cx50 plaques were also highly concentrated on the broad sides of these cells, but these plaques in Tmod1 ϩ/ϩ ; CP49 Ϫ/Ϫ lens sections appeared similar to those in DKO lens sections (Fig. 4B ). This staining pattern was comparable with previous data in lenses from wild-type mice (38, 76) . Colocalization heat maps and corresponding PCC values showed little colocalization between connexin and F-actin staining signals (PCC ϭ Ϫ0.067 to Ϫ0.154; Fig. 4, A and B) in Tmod1 ϩ/ϩ ; CP49 Ϫ/Ϫ or DKO lens fibers. For comparison, F-actin and ␤ 2 -spectrin staining signals were highly colocalized in these cells, with PCC ϭ 0.807-0.817 (perfect colocalization would be PCC ϭ 1.00; Fig. 4C) .
We quantified the number of gap junction plaques, average gap junction plaque volume, and total gap junction plaque volume in confocal Z-stacks from the immunostained lens sections within a defined region of interest. This analysis revealed a statistically significant increase in the total number of Cx46 gap junction plaques in lens fibers from DKO compared with Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ control mice (Fig. 5A, left) . Consistent with our qualitative observation of smaller plaques in DKO lens fibers in Fig. 4A , we also found a significant decrease in the average Cx46 plaque volume in DKO cells (Fig. 5A, middle) . Importantly, the overall total Cx46 gap junction plaque volume was unchanged between Tmod1 ϩ/ϩ ; CP49 Ϫ/Ϫ and DKO lens fibers (Fig. 5A, right) , consistent with the Western blot data showing that Cx46 levels remained constant. Distinct from Cx46 plaques, the number of Cx50 plaques, average Cx50 plaque volume, and total Cx50 plaque volumes were similar between Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and DKO differentiating lens fibers. These data indicate that Cx46 gap junctions do not form large plaques on the broad side of fiber cells when both the actin-spectrin and beaded intermediate filament networks are disrupted, and smaller and dispersed Cx46 gap junction plaques are correlated specifically with decreased radial coupling conductance in differentiating fibers of DKO lenses.
Gap junction plaques are localized in lacunae of the actinspectrin network. Our previous work demonstrated that the actin-spectrin network appeared to be disrupted in differentiating DKO lens fibers (36) . To investigate a possible relation- ship between actin-spectrin network organization and Cx46 and Cx50 plaque formation, we next conducted double immunolabeling of Cx46 or Cx50 and ␤ 2 -spectrin in lens sections in the anterior-posterior (AP) orientation. The AP orientation was chosen to best visualize the connexins and the actin-spectrin network along the broad sides of elongating fiber cells. In control Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ and DKO lens sections, we found that Cx46 and Cx50 plaques were localized in regions of the cell membrane that were not associated with ␤ 2 -spectrin (Fig. 6 , yellow arrows). There was a clear segregation of immunostaining signals for ␤ 2 -spectrin from those for Cx46 and Cx50 in control and DKO differentiating lens fibers. This same segregation of ␤ 2 -spectrin, as well as F-actin, from the Cx46 or Cx50 staining was also observed in lenses from wild-type mice (data not shown). Consistent with the results from quantification of plaque volumes in Fig. 5 , Cx46 plaques tended to be qualitatively smaller in the DKO fiber cells than the control Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ fiber cells, while the Cx50 plaques were not.
We previously reported an abnormal "moth-eaten" appearance of the actin-spectrin network in DKO lens fibers visualized in the cross-sectional orientation (36, 71) , which is not evident in the en face views of fiber cell membranes in the AP orientation (Fig. 6 ). Thus we further examined the F-actin and connexin staining in cross-sectionally oriented lens sections that were slightly tilted for the best view of the fiber cell membranes on the broad sides (Fig. 7) . In this view, we found large Cx46 and Cx50 gap junction plaques in the large lacunae of the F-actin staining in Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ lens fibers (Fig.  7, A and B, yellow arrows) . In the DKO lens fibers, the small Cx46 gap junction plaques occupy small holes in the abnormal F-actin network (Fig. 7A, yellow arrowheads) . Some small, empty holes in the F-actin staining are also apparent in the DKO lens fibers that are stained for Cx50 (Fig. 7B, yellow  arrowheads) . These apparently empty holes most likely contain the abnormal small Cx46 plaques observed in the DKO lens fibers (Fig. 7A) . These results suggest that gap junction plaques form in lacunae of the actin-spectrin network and that the abnormal holes observed in the cytoskeletal network of DKO differentiating lens fibers might be a result of dispersed and smaller Cx46 gap junction plaques. The actin-spectrin network, together with the beaded intermediate filaments, may play a role in the regulation of gap junction plaque size at the broad sides of differentiating lens fiber cells.
Normal gap junctions are present in DKO lenses. Since the size and distribution of Cx46 gap junction plaques in DKO lens fibers were disrupted, we considered the possibility that Cx46 may not form normal gap junctions in DKO lens fibers. Thus we used freeze-fracture electron microscopy to examine gap junction plaques on the broad sides of control Tmod1 ϩ/ϩ ; CP49 Ϫ/Ϫ and DKO differentiating lens fibers located at approximately the same distance from the lens capsule at the equator of the lens (Fig. 8) . We found morphologically normal gap junction plaques in DKO lens fibers (Fig. 8A) , and immunogold labeling showed that Cx46 and Cx50 were present in gap junctions in DKO lens fibers (Fig. 8, B and C) , indicating that Cx46 and Cx50 can assemble into morphologically normal plaques. These freeze-fracture data suggest that gap junction plaques likely remain functional in DKO lens fibers and that changes in sizes of Cx46 gap junction plaques on fiber cell broad sides, rather than inhibition of junction formation per se, in differentiating DKO lens fibers may be responsible for increased impedance.
DISCUSSION
Our work shows that disruption of the actin-spectrin network, due to the loss of Tmod1, together with disruption of beaded intermediate filaments, caused by the absence of CP49, leads to decreased radial gap junction coupling conductance in mouse lenses. However, the loss of either Tmod1 or CP49 alone has no effect on the lens microcirculation system. The decrease in radial gap junction coupling conductance in DKO lenses is accompanied by an increase in the radial gradients for hydrostatic pressure and sodium concentration. Since there was no detectable decrease in the total number of gap junction channels, our data suggest that placement of the channels on broad faces of fiber cells was impaired, thus reducing radial coupling and increasing the forces needed to drive radial flows. The Cx46 gap junction plaques located on the broad sides of fiber cells in differentiating DKO lens fibers are smaller and more scattered, suggesting that radial flows are optimized by placement of large Cx46 gap junction plaques at the center of the broad sides of each fiber cell. While the formation of large Cx46 plaque domains on the broad sides of fiber cells depends on the two cytoskeletal networks, the assembly of Cx50 into large gap junction plaques is unaffected. We hypothesize that the actin-spectrin and intermediate filament networks may act as a fence or barrier to stabilize the large micrometer-sized Cx46 plaques once they are formed or may facilitate accretion of smaller patches of Cx46 gap junction plaques into larger plaques during assembly (Fig. 9) . Our work suggests that collection of gap junction plaques into large membrane domains is critical for the normal function of the outflow pathway of the lens microcirculatory system.
Previous studies showed that the levels of connexin proteins affect lens conductance. A ϳ25% decrease in conductance in heterozygous Cx46 ϩ/Ϫ and Cx50 ϩ/Ϫ differentiating lens fiber cells compared with wild-type cells has been reported (65) . In Cx46 Ϫ/Ϫ lenses, the conductance in differentiating fiber cells is about one-third of that in wild-type cells, and there is a total loss of conductance in the lens nucleus (37) . In contrast, deletion of Cx50 leads to mild decreases in the conductance of differentiating fiber cells and no change in the conductance of inner mature fibers (2) . Additionally, genetic replacement of Cx50 with Cx46 rescues the conductance in knockin mouse lenses (62) . These data indicate that Cx46 channels are responsible for connecting mature fiber cells, while channels made of Cx46 and Cx50 share the responsibility of coupling differentiating fibers. Interestingly, deletion of Lim2, an integral lens membrane protein, leads to a decrease in lens coupling conductance, which is linked to a decrease in Cx46 protein level in the lens core (78) . Similarly, the absence of glutathione peroxidase-1, an enzyme that protects against oxidative stress in the lens, also causes a 50% decrease in Cx46 and Cx50 protein levels and disruption in fiber cell coupling (87) . Aberrant expression of Cx43 in fiber cells of PKC␥ Ϫ/Ϫ lenses results in increased coupling conductance (17) . From these previous studies, we can conclude that the level of connexin proteins, especially Cx46, in the lens can have a dramatic impact on lens fiber cell-cell coupling conductance. Distinct from this notion that the amount of protein dictates connectivity of lens cells, our current study indicates that the formation and/or stability of large gap junction plaques, mediated by cytoskeletal proteins, is also important for coupling of lens fibers. This is the first 
CP49
Ϫ/Ϫ sections (yellow arrows). We observe many empty small holes in the F-actin staining (yellow arrowheads) in DKO lens fibers, which may be filled by Cx46, as shown in A. evidence that gap junction plaque size and distribution affect intercellular coupling. Gap junction coupling conductance in differentiating fibers of rat and mouse lenses has been demonstrated to be maximal at the equator and to approach zero at either pole (3, 64, 65) . This variation in conductance is likely the result of the anisotropy of gap junction plaque localization to the broad sides of differentiating lens fibers (3). Furthermore, the lens microcirculation model suggests that current can enter either pole through intercellular spaces without crossing from fiber to fiber, while current can only exit the lens by crossing from fiber to fiber (64) , presumably relying on the outflow of solutes and water through large gap junction plaques in differentiating fibers. Decreased conductance in Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ differentiating lens fibers associated with changes in Cx46 gap junction plaque size and distribution supports the notion that large gap junction plaques on the broad side of differentiating lens fibers are important for high cell-cell coupling conductance to facilitate the microcirculation pathway.
The lens microcirculation model suggests that the outflow of ions, solutes, and water from the equator is driven mainly by the relatively high gap junction coupling conductance of differentiating fiber cells that directs intracellular flow toward the equatorial epithelial cells (65) . Gap junctions composed of Cx46 and/or Cx50 contribute to intercellular coupling in differentiating lens fibers, while only Cx46 channels are functional in mature fibers (2, 19, 21, 37, 65) . In DKO lenses, we observed a ϳ50% decrease in conductance in DKO lens fibers compared with the control. The immunostaining data suggest that decreased conductance in differentiating DKO fibers is linked mostly to disruption of the large domains of Cx46 gap junction plaques at the membrane. It is possible that disrupted Cx46 gap junction plaques in differentiating DKO lens fibers result in fewer open channels localized to the broad sides of these cells, leading to changes in conductance. In inner mature fiber cells, however, we observe that Cx46 immunostaining signals are evenly distributed around the entire cell membrane in DKO mature fibers (data not shown), similar to control fiber cells (Fig. 3) . We hypothesize that while the number of channels on the cell membrane is the same in DKO and control mature lens fibers, fewer gap junction channels are open in DKO mature fiber cells, leading to decreased conductance. Further work is needed to elucidate the probability of open channels in DKO lens fibers and the mechanisms that regulate channel opening in lens fiber cells.
It remains unclear how large gap junction plaques are formed on the broad sides of normal differentiating lens fibers. There are two possible mechanisms. 1) Connexins have high affinity for other connexins, and, thus, the proteins can aggregate to form large plaques (77) . Previous studies showed that gap junctions move laterally along the plasma membrane, and when plaques come into contact, they will quickly fuse along Ϫ/Ϫ ;CP49 Ϫ/Ϫ lens fiber cells, actin-spectrin network is disrupted and the beaded intermediate filaments are lost. These changes coincide with smaller and altered Cx46 gap junction plaques. We hypothesize that the actin-spectrin network forms a fence to corral gap junction plaques to allow formation of large gap junction plaques at the center of the broad sides of differentiating lens fiber cells. Disruption of the actin-spectrin network in Tmod1 Ϫ/Ϫ ;CP49 Ϫ/Ϫ fiber cells may impair lateral assembly and/or stability of large Cx46 gap junction plaques during fiber cell differentiation. their entire length (22, 45, 59) .
2) The clustering of connexons can be initiated by an extrinsic signal (77) . The signal that triggers connexon clustering is unknown, but statistical analysis of freeze-fracture electron microscopy images indicates that minimization of distance between apposing membranes (30 m) holds connexon aggregates together and traps them in a specific area on the cell membrane (9) .
Our current study shows that the actin-spectrin network completely surrounds the large membrane domains of gap junction plaques, which appear to occupy large empty lacunae in the network on the broad sides of the differentiating lens fiber cells. On the basis of a multitude of studies suggesting that single or small groups of connexons insert into the nonjunctional plasma membrane at random (reviewed in Ref. 77) , it is reasonable to propose that, in newly differentiated wildtype lens fiber cells, connexons are inserted into small discontinuities in the actin-spectrin network on membranes of differentiating fiber cells. Indeed, in newly formed fiber cells, the actin-spectrin network is observed to be discontinuous and irregular, and as the fiber cells mature and elongate, the actin-spectrin network becomes smooth and continuous along fiber cell membranes, likely due to Tmod1 stabilization of F-actin filaments (72) . Reinforcement of the actin-spectrin network coincides with the appearance of large gap junction plaques on the broad sides of differentiating fiber cells. Thus it is possible that smaller gap junction plaques may move laterally to form larger plaques, concomitant with maturation of the actin-spectrin network, and then are stabilized by the surrounding dense network. In contrast, in the DKO lens, the more fragmented appearance of Cx46 gap junction plaques is correlated with a moth-eaten (i.e., attenuated and fragmented) appearance of the normally continuous actin-spectrin network (36) , and, as we show here, the gaps in the network appear to be filled with smaller disrupted Cx46 plaques (Fig. 7) . In the absence of Tmod1 and CP49, the actin-spectrin network may not be reinforced and rearranged properly, thus destabilizing lateral accretion of the smaller Cx46 gap junction plaques into the large micrometer-sized plaques.
We observed disrupted Cx46 gap junction plaques in differentiating fiber cells of DKO lenses, while Cx50 gap junction plaques appear unaffected in these cells. This result suggests that Cx46 and Cx50 likely form homomeric and homotypic junctions in these lens fiber cells, as proposed by Mathias and colleagues (65) . In support of this notion, the twofold decrease in conductance in the differentiating DKO lens fibers is phenotypically similar to loss of Cx46, where the Cx46 Ϫ/Ϫ differentiating lens fibers also display a ϳ60% decrease in conductance compared with wild-type differentiating lens fibers (37) . It is unclear why Cx46, but not Cx50, gap junctions are affected in differentiating DKO lens fibers. One possibility is that since Cx50 is also expressed in lens epithelial cells (76) , gap junction plaque assembly mechanisms of Cx50 may be distinct from those of Cx46, and Cx50 plaques may initiate assembly independent of the rearrangements of the actinspectrin network during fiber cell differentiation. Further work is needed to understand the specific Cx46/Cx50-membrane cytoskeleton interaction and the mechanism for formation and accretion of Cx46 vs. Cx50 plaques.
Various studies have indicated that cytoskeletal proteins may also directly or indirectly interact with connexins and gap junction plaques. During lens fiber cell maturation, connexin staining signals change from large gap junction plaques in the middle of the broad sides of differentiating fiber cells to a dispersed pattern around the entire cell membrane (13, 43) . The change in connexin distribution on the cell membranes of mature fibers coincides with cleavage of the cytoplasmic tails of Cx46 and Cx50 (20, 39, 43, 47) , as well as cleavage of spectrins and disintegration of the actin-spectrin network (18, 41, 52, 53) . Previous work in human and monkey lenses indicates that gap junction plaques are associated with actin filament bundles (57, 58) . Actin filaments, in addition to microtubules, are also responsible for delivering connexons to gap junction plaques (33, 83) and can interact with connexins when cells undergo mechanical stress to stabilize gap junctions (86) . Drebrin, an actin-binding protein that mediates cell polarity, stabilizes Cx43 gap junctions at the cell membrane (61) and controls the internalization or degradation of Cx43 proteins (10) . Spectrin may affect gap junction proteins through interactions with zonula occludens protein-1 (ZO-1). ZO-1 has been shown to regulate Cx43 gap junction plaque size (42) and interact with the lens connexins Cx46 and Cx50 in vitro and in vivo (69, 70) . Alpha-spectrin can also associate with Cx43 and ZO-1, as shown by coimmunoprecipitation studies (84) . The interaction between connexins and the lens beaded intermediate filament network is less clear, and, on the basis of our results, the loss of beaded intermediate filaments in Tmod1 ϩ/ϩ ;CP49 Ϫ/Ϫ lenses causes no obvious changes in conductance or in Cx46 and Cx50 gap junction plaques. Our previous study demonstrated an indirect biochemical link between Tmod1 and lens beaded intermediate filaments (36) , and lens vimentin is known to associate with erythrocyte membranes in vitro specifically through ankyrin as an attachment protein (32) . These data suggest that the effect of the loss of lens beaded intermediate filaments on gap junction plaque formation is likely the indirect consequence of disruption of the actin-spectrin network.
In summary, we have demonstrated that gap junction plaque formation by Cx46 in differentiating lens fiber cells is influenced by the actin-spectrin and beaded intermediate filament networks. Persistent holes in the actin-spectrin network in DKO differentiating fibers are correlated with scattered and smaller Cx46 gap junction plaques, which result in increased intracellular resistivity and decreased gap junction coupling conductance in mutant lenses. Our data also suggest that Cx46 and Cx50 are largely segregated in differentiating fiber cells and that these connexins likely form homomeric and homotypic channels. Our work indicates that proper gap junction plaque size and localization are associated with normal coupling of lens fiber cells.
